Capacitive deionization is a desalination technology to remove ions from aqueous solution in a cyclic manner by applying a voltage between pairs of porous electrodes. We describe the dynamics of this process by including a possible rate limitation in the transport of ions from the interparticle pore space in the electrode into intraparticle pores, where electrical double layers are formed. The theory includes the effect of chemical surface charge located in the intraparticle pores, which is present in the form of acidic and basic groups. We present dynamic data of salt adsorption for electrodes with and without coated ion-exchange membranes. Experiments were conducted in a CDI cell geometry based on wire-shaped electrodes placed together. The electrodes consisted of graphite rods coated with a layer of porous carbon. To fabricate this layer, we examined two procedures that involve the use of different solvents: acetone and N-methyl-2-pyrrolidone (NMP). We found that electrodes prepared with acetone had a lower salt adsorption compared to electrodes prepared with NMP. At equilibrium, the theory is in agreement with data, and this agreement underpins the effect of chemical surface groups on electrode performance. Under dynamic conditions, our theory describes reasonably well desalination cycles.
Introduction
Water desalination using capacitive deionization (CDI) is based on the removal of ions from aqueous solutions by electrosorption [1e3] . For CDI with porous carbon electrodes, after applying a voltage between the electrodes, cations are adsorbed into the negatively polarized electrode while anions are adsorbed into the positively polarized electrode (adsorption step). When the adsorption capacity of the electrodes is reached, the electrodes can be short-circuited for regeneration and ions are released (desorption step) [4e6] . During desalination two processes jointly occur in the carbon electrodes: ion transport and adsorption. Ions are transported through the interparticle space, the macropores. Ion adsorption occurs in the intraparticle space, the micropores, where electrical double layers (EDLs) are formed [7e9] .
Several mathematical models describe adsorption phenomena in EDLs. The Helmholtz and Gouy-Chapman-Stern models are wellknown [10e12], but do not accurately describe ion adsorption for CDI [13] . The Donnan model and its extended versions, however, describe ion adsorption to a very accurate degree [13e15] . The latest version of the Donnan model, the amphoteric Donnan (amph-D) model, includes the effect of charged surface groups in EDLs [16, 17] . These charged surface groups are present in the form of acidic groups, e.g., carboxyl structures, or basic groups, e.g., amine structures. Different from previous Donnan models [13, 15, 18, 19] , the amph-D model does describes the sometimesobserved phenomenon of ion desorption at the start of an adsorption cycle [20e22] .
In the present work, we use the amph-D model and couple it to a transport theory to dynamically describe the desalination process. In the transport theory, we include a transport limitation for ions between macro-and micropores. This approach is different from the often-used assumption of infinitely fast ion adsorption into micropores [8,23e25] .
To compare our dynamic theory with experimental data, we use a CDI cell with rod-shaped electrodes ("wire-CDI cell"), Fig. 1a . The wire-CDI cell is a simple cell design (compared to conventional CDI), which consists of graphite rods (wires) coated with a thin porous carbon layer [26] . To enhance salt adsorption, we coat ionexchange membranes (IEMs) on the carbon layer. The inclusion of IEMs in the system is referred to as membrane capacitive deionization (MCDI) [9, 27] . The carbon layer on the electrodes is prepared by mixing activated carbon with a polymeric binder dissolved in an organic solvent. Often, N-methyl-2-pyrrolidone (NMP) is used as a solvent [8, 26] . In this work, we tested a new method to fabricate the carbon layer by using acetone as solvent. Acetone is a less toxic alternative to NMP [28, 29] . In addition, acetone evaporates faster than NMP, which decreases the preparation time of the electrodes.
One of our aims is to present a modified theory to dynamically describe salt adsorption and charge storage in CDI and MCDI. Our theory is not only valid for wire-CDI systems, but can also be applied to other CDI cell designs and to other electrosorption processes. In this paper, we validate the theory with experiments conducted with wire-shaped electrodes with and without coated IEMs. Furthermore, we compare salt adsorption and charge storage of porous carbon electrodes prepared with two different organic solvents, acetone and NMP.
Theory
In this Section we present: i) the theory used to calculate salt adsorption and charge in equilibrium, when there is no transport of ions either through the macropores or from macro-to micropores, and ii) our dynamic theory to describe electrosorption.
Equilibrium theory
To describe salt adsorption in equilibrium for CDI, we use the amphoteric Donnan (amph-D) model [16, 30] . This model includes the effect of charged surface groups in EDLs. These groups are fixed to the carbon surface and can be formed during the activation process of the carbon material or during cell operation [31e33] . In each electrode, we model two different micropore regions: the Aand B-region. The A-region contains acidic groups, such as carboxyl-, lactone-or phenol-groups [34] . The B-region contains basic groups (i.e., protonated groups). In the A-and B-region, three types of charge are present: i) electronic charge in the carbon matrix, s elec , ii) ionic charge in the micropores, s ionic , and iii) chemical surface charge fixed to the carbon surface, s chem . Each region is overall charge neutral, thus
where subscript j refers to region A or B. Charge s chem; A has a negative sign, and s chem; B has a positive sign.
Similar to the classical Donnan model [18, 35] , the amph-D model also considers overlapping EDLs and assumes that the electric potential inside the micropores, in each region, does not depend on distance to the pore wall. Therefore, the concentration of ion i in a micropore region j, c mi;i;j can be related to the concentration in the macropores, c mA;i , according to the Boltzmann equilibrium
where parameter z i is the charge number of an ion, and Df D;j the dimensionless Donnan potential. From now on, we consider an electrolyte containing only a dissolved 1:1 salt in water, such as NaCl. In the macropores, we assume electroneutrality, which is given by c mA;cation ¼ c mA;anion ¼ c mA (3) while the ionic charge in each micropore region is s ionic;j ¼ c mi;cation;j À c mi;anion;j :
The Stern layer, which is located between the carbon surface and the aqueous phase in the micropore, is considered in the amph-D model. The Stern layer potential, Df S;j , is related to the Stern layer capacitance, C S , and s elec;j according to
where F is Faraday's constant, and V T the thermal voltage (V T ¼ RT=F).
The potential drop over the EDL, Df EDL , is the sum of the Stern and Donnan potentials and (in a given electrode) is equal for the acidic and basic region 
where a j is the fraction of each region relative to the total micropore volume (y mi , mL/g electrode). Note that a A þ a B ¼ 1.
We calculate the charge, S F , from the difference between the micropore charge at the end of the adsorption step (superscript "ads; end") and that at the end of the desorption step (superscript "des; end") [8] .
The salt adsorption is calculated according to (11) where M w;NaCl is the molecular weight of NaCl. We relate the cell voltage, V cell , to Df EDL according to
where subscripts an refers to anode and ca to cathode.
Equations (1)e (12) describe, together with a mass balance of the cell (see S.I. A), salt adsorption in equilibrium for CDI. For MCDI, however, we need to consider the IEMs. Previous work [26] assumed that the membranes are perfectly selective, which means that co-ions (ions with the same sign as the membrane fixed charge) cannot go through. In our work, we relax this assumption and consider non-ideal permselectivity, which we will describe in Section 2.2.
Dynamic theory
To model dynamics of ion adsorption from macropores into each micropore region in the electrodes, we use an expression similar to the one used to calculate the transfer rate of electrons in redox reactions at electrode surfaces [36] . However, instead of using this equation for a redox-reaction, in this work, we use it to describe the transfer rate of each type of ion between macro-and micropores, given by
where j i;j is the transfer rate of each type of ion per unit macropore volume into micropore region j (mol/m 3 /s), and k is the rate constant which we assume to have the same value for cations and anions.
For monovalent salt solutions, we derive expressions for the transfer rate of ions, j ions , and charge, j charge ; between macro-and micropores, expressed in mol/m 3 /s j ions;j ¼ j cation;j þ j anion;j (14)
we insert Eq. (13) in Eqs. (14) and (15) to arrive at 
For both anode and cathode, we set up an ion balance over the macropore volume, which includes the flux of the ion from the bulk solution into the electrode, J i ðmol=m 2 =sÞ, and the flux of ions from macro-to micropore, j i , according to
where V mA is the total volume of macropores in the anode or cathode, and A e is the outer area of the electrode. As electroneutrality holds in the macropores, summing Eq. (18) over cat-and anions results in
where l e is the ratio of electrode volume over electrode surface area, l e ¼ V e =A e , p mA is the macroporosity, and where J ions and j ions are given by
In (each region of) the micropores we relate c mi;i;j to j i;j by
where p mi is the microporosity. We substitute Eq. (22) into Eq. (4) to derive a mass balance for
The average ionic charge in the micropores, s ionic , can be related to ionic current density, J charge ðmol=m 2 sÞ, which is defined per projected area of an electrode, according to
we relate J charge to the potential drop over the bulk solution, Df bulk , and a constant describing the conductance of the bulk solution, k D ,
we set up an overall salt balance over the bulk solution in the cell, which is operated in batch mode, given by
where V bulk is the volume of the bulk solution and where e runs over the anode, an, and cathode, ca: To complete the description of the CDI cell we consider that
Equations (13)e (27) are the basis of the dynamic theory of salt adsorption in CDI. For MCDI, we include membranes and consider non-ideal permselectivity (i.e., besides counterions, co-ions can also go through the membranes). Therefore, the flux of ions through the membrane is calculated using the NernstePlanck equation. We assume that:
at each position in the membrane, the electroneutrality condition holds, c mem;cation À c mem;anion þ uX ¼ 0, where uX is the membrane fixed charge defined per unit aqueous phase [37, 38] ; the concentration profile and potential profile across the membrane are linear, which is highly correct for \omega X very large; the cat-and anion have equal diffusion coefficients; the transport of ions through the membranes can be described in steady state condition.
These assumptions lead to an expression for J ions given by [39] .
where k mem is the membrane transport rate constant, which is directly linked to the membrane porosity and thickness, and to the mobility of ions within membrane pores. The term Dc T;mem is the difference between the total ion concentration in the membrane at the membrane-macropore interface, c T;memÀelec ; and in the membrane at the membrane-bulk solution interface, c T;memÀbulk , and
Df mem is the difference in potential between the aforementioned interfaces.
The concentration at each membrane interface (membrane/ bulk, mem À bulk; and membrane/electrode, mem À elec), c T;mem , is given by [38] .
The potential drop over the membrane, Df mem , is related to ionic current density and average membrane concentration, c T;mem ; by
The ionic current density, J charge , is invariant across membranes and bulk solution. Therefore, the value of J charge in Eqs. (24), (25) and (30) is the same.
At the mem À bulk and mem À elec interfaces, we consider Donnan equilibrium [40] . The Donnan potential, Df D ; at these interfaces is given by
Finally, the cell voltage is calculated according to
3. Experimental
Preparation of wire electrodes
All experiments in this study were performed using wireshaped electrodes. Graphite rods (Poco EDM-3, diameter~3.0 mm, Saturn Industries, Inc., USA) were used as an inner support and current collector. These graphite rods were coated with a porous carbon layer using a carbon slurry. A polymeric binder, polyvinylidene fluoride (PVDF) (Kynar HSV 900, Arkema Inc., Philadelphia, PA), was dissolved in a solvent: either acetone or N-methyl-2-pyrrolidone (NMP). For the preparation of electrodes using acetone("A-electrodes") PVDF was dissolved in boiling acetone (56 C) in a weight ratio PVDF: acetone of 1: 45 and stirred for 1 h. Thereafter, activated carbon (YP50-F, Kuraray Chemical, Japan) and carbon black (Vulcan XC72R, Cabot Corp., Boston, MA) were added to the solution in a weight ratio activated carbon: carbon black:PVDF of 85:5:10. The resulting slurry was stirred for an additional hour at 50 C. Graphite rods were repeatedly dipped into the slurry until a carbon layer with a thickness of~370 mm and a length of 12 cm was obtained. The coated electrodes were dried at 100 C overnight. For the preparation of electrodes using NMP ("NMP-electrodes"), we followed the procedure described in Ref. [26] .
Preparation of wire electrodes coated with ion-exchange membranes

Commercially available Fumion
® ionomer (FumaTech GmbH,
Germany) was used in this study; FKS for cation exchange membranes (CEM), and FAS for anion exchange membranes (AEM).
Membranes were coated onto the A-electrodes by dipping the electrodes into the solution with ionomer. Three layers of ionomer were coated on the electrode. Each layer was dried before coating a new one. The thickness of the resulting membranes was 100 mm. The membrane-coated electrodes were dried in a tubular oven with a temperature ramp from 60 C to 120 C for 3 h. Before use, the electrodes were soaked in a 20 mM NaCl solution for at least 24 h.
CDI and MCDI experiments
The CDI and MCDI experiments were conducted in a batch-wise operated wire-CDI cell. The cell consisted of three pairs of electrodes separated by a piece of non-electrically conductive material (1.5 mm thick) located at the top and bottom of the electrodes, Fig. 1a , to avoid electrical connection between anodes and cathodes. In CDI and MCDI experiments, aqueous solutions of NaCl with an initial concentration of 20 mM were continuously stirred and purged with nitrogen. The cell voltage was controlled and the current was measured using a potentiostat (Iviumstat, Ivium Technologies, the Netherlands). The conductivity of the solution was also monitored and its value recalculated according to a calibration curve to obtain salt concentration. To perform the experiments we followed three procedures that are described below.
Method i
To calculate salt adsorption, charge, and charge efficiency as a function of charging voltage, desalination experiments were conducted with alternating adsorption and desorption steps in the same container, while we continuously monitor the conductivity of the solution. During the adsorption step, we applied different charging voltages, V ch , of 0.6, 0.8, 1.0 and 1.2 V, for 35 min. This time was long enough to assure that equilibrium was reached. During the desorption step, we short-circuited the electrodes for regeneration i.e., we applied a discharging voltage of 0 V for 35 min. For each charging voltage, we conducted four consecutive adsorption and desorption cycles, and we determined salt adsorption, charge, and charge efficiency of the last cycle. These equilibrium experiments were conducted with A-and NMP-electrodes. Results are presented in Fig. 2aec. 
Method ii
To evaluate salt adsorption, charge, and charge efficiency in a more realistic setting, with actual desalination, experiments were conducted in two different containers, one container for adsorption, and another container for desorption. At the beginning of each experiment, the volume and salt concentration of the two solutions were the same. For adsorption, a charging voltage of 1.2 V was applied for 35 min. For desorption, the electrodes were moved from the adsorption to the desorption container and short-circuited for 35 min. Each experiment consisted of four consecutive desalination cycles. In these experiments, at the end of each adsorption or desorption step, the electrodes are moved to the other container and the conductivity is measured. Results are presented in Fig. 2def  and 3 .
Method iii
To evaluate dynamic salt adsorption and charge, desalination cycles were conducted with consecutive adsorption and desorption steps in the same container, as in method i. We applied a charging voltage of 1.2 V for 1.1 h, and thereafter we short-circuited the electrodes for 1.1 h. The experiments were conducted with Aelectrodes with and without coated membranes. Results are presented in Fig. 4 .
Results and discussion
In the first part of this Section, we present results of equilibrium CDI experiments, conducted with A-and NMP-electrodes, as a function of charging voltage (method i), and results of experiments conducted during real desalination (method ii). We compare results of experiments with the amph-D model. In the second part, we show the dynamic evolution of salt adsorption and charge in (M) CDI, and compare the experimental data with our dynamic theory.
Performance A-and NMP-electrodes
Equilibrium experiments were conducted using A-and NMPelectrodes (method i and ii). Fig. 2 compares the performance of both sets of electrodes in terms of salt adsorption, charge, and charge efficiency. Panels a, b, and c show an increase of these variables as a function of charging voltage. Panels d, e, and f show data obtained when consecutive desalination cycles are carried out.
Compared to NMP-electrodes, salt adsorption and charge efficiency of A-electrodes are considerably lower. We considered two explanations for this behavior: i) differences in pore size distribution and ii) presence of an additional chemical surface charge, s chem , in the micropores of the carbon material for the A-electrode.
To test the first explanation, we conducted gas sorption analysis to measure porosity and surface area of the electrodes. Results show no evidence of a significant difference in the physical structure between the two sets of electrodes, Table S$I.1.
The second explanation considers modification of the chemical surface on carbon particles during the fabrication of the electrodes using acetone. Carbon-oxygen groups are the main surface groups present in activated carbon (AC) [41] . Functional groups such as carboxyl, lactone, and phenol impart the acidic behavior of AC [14, 42] . We assume that electrode preparation with acetone increases the number of acidic groups in the carbon pores. To investigate this hypothesis, we measured the concentration of acidic groups in both sets of electrodes, NMP-and A-electrodes, following the procedure described in Ref. [17] . Results show, Figure S .I. 2, that the total concentration of acidic groups is about À0:43 M for A-electrodes and À0:18 M for NMP-electrodes. These results underline the possibility that acetone modifies the chemical surface of carbon electrodes by increasing the concentration of acidic surface groups. This increase may be responsible for the decrease in salt adsorption exhibited in experiments conducted with A-electrodes.
In our theory, we include the effect of chemical surface charge to predict salt adsorption and charge. For NMP-electrodes, we assumed that the density of acidic and basic surface charge groups is the same in value and opposite in sign. We used values for surface charge determined in Ref. [16] , which is for the acidic region s chem; A ¼ À0:26 M and for the basic region s chem; B ¼ þ0:26 M. For A-electrodes, we determined the chemical surface charge by adding to each region additional acidic groups with a concentration set to À0:35 M. The additional groups are assumed to be equally present in both A-and B-region in both anode and cathode. As shown in Fig. 2 , the theory describes experimental data very closely for both types of electrodes, thus the amph-D model underpins that chemical surface charge has an impact on the performance of the electrodes [17] .
Additional parameters required for the theory are micropore volume, y mi , which was measured using gas sorption and Stern layer capacitance ; C S , which was obtained from Ref. [25] . A list of all parameters is given in Tables 1 and 2 . 
Consecutive desalination cycles
Next, we show results of salt adsorption for CDI and MCDI experiments conducted with A-electrodes. These experiments were conducted by alternatingly transferring the electrodes from an adsorption to a desorption container, as described in Section 3.3 (method ii). Theory lines shown in Fig. 3a are based on equilibrium theory for CDI, and on dynamic theory for MCDI. The dynamic theory was adopted to include the non-ideal behavior of the IEMs. Fig. 3a shows the salt concentration in the container at the end of each adsorption step as a function of the number of desalination cycles. With IEMs, after 4 desalination cycles, we see a decrease in the initial salt concentration of about 87%, while for CDI the decrease was about 52%. Fig. 3b compares experimental data for energy consumption per mole of salt removed in CDI and MCDI. Energy consumption is calculated by integrating the current over time for the adsorption step and then multiplying by the charging voltage. As previously reported [27, 43] , IEMs do not only enhance the performance of the system by increasing the salt adsorption, but also decrease the energy required for the adsorption of ions. Our results show that MCDI requires, on average, 57% less energy to remove an ion than CDI. When we compare our data with data reported in Ref. [9] for CDI, we observe that the energy consumption in our system is higher. We attribute the increased energy consumption to the presence of additional acidic groups in the Aelectrodes and to a higher resistance in bulk solution.
Dynamic salt adsorption
In this Section, we discuss experimental and theoretical results of dynamic ion adsorption in CDI and MCDI. For electrodes prepared with acetone, the theory includes parameters used in the amph-D model and additional parameters such as p mi , p mA ; uX, k D , k mem , and k. Porosities, p mi and p mA , are calculated as described in S·I B. The remaining parameters are treated as fitting parameters.
When fitting k D and k using data from CDI experiments, we found that there is not a unique set of values that describe the experimental data, see Figure S $I 3a and S$I 3b. Consequently, we decided to set k ¼ 1 s
À1
, which is in line with the approach taken in previous work [8, 25] because when k ! 1 s À1 there is no longer a rate limitation in the transport of ions from macro-to micropore; instead ion transport from macro-to micropore is at equilibrium.
With the value of k fixed, we then fitted k D . The values of uX and k mem were fitted with MCDI experimental data. Both CDI and MCDI calculations include the additional surface charge that we assumed is present in A-electrodes.
Despite the fact that our theory describes CDI and MCDI data reasonably well, Fig. 4 , it is unclear whether the ion transport from macro-to micropore is rate-limiting since more than one set of values for k and k D can closely describe our experimental data.
Although we did not include in our approach rate-limitation between macro-and micropores, this phenomenon may be important when we model ion adsorption in carbons with very small pores (sub-nm) [44] , or thin electrodes with long macro-to micropore transport distances [1] .
Conclusions
We extended dynamic theory for electrosorption of ions in porous carbon electrodes by including i) a chemical charge on the carbon surface to describe the electrical double layers and ii) a finite transport rate of ions from macro-to micropores. We used the theory to describe experimental data obtained in a CDI system. The CDI system has wire-shaped electrodes with and without coated ion-exchange membranes. As we showed, the extended theory closely describes fundamental aspects of desalination cycles: salt concentration and charge. Additionally, it also captures the influence of chemical surface groups on the performance of the electrode.
Regarding ion transport from macro-to micropores, it was not possible to verify the influence of this phenomenon on the dynamics of the electrosorption process. This is because numerically we found more than one set of values for the kinetic rate constant, k, and the conductance of the bulk solution, k D , that describe our experimental data to the same degree.
We also compared salt adsorption of electrodes fabricated using two solvents, namely acetone and N-methyl-2-pyrrolidone (NMP). Results show a lower salt adsorption for acetone-based electrodes (A-electrodes). This difference is not explained by differences in pore size distribution or pore volumes. We suggest that the lower salt adsorption for A-electrodes is due to an increase in the density of acidic groups on the surface of the electrodes. Titration experiments indeed confirm that A-electrodes possess a higher concentration of acidic groups compared to NMP-electrodes.
